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Introduction 
In this work, the start-up behaviour of fuel processing systems based on the autothermal reforming 
of middle distillates was analysed. The usage of fuel cell systems for on board electricity 
production in the so called auxiliary power units (APU) has gained an increased attention recently. 
In such applications, fuel cell based APUs can be installed to power the electric based components, 
whereas the propulsion is still realized through the conventional energy conversion devices. The 
fuel cell based APU has the advantage, that the higher efficiency of the fuel cell makes it possible 
to save fuel and reduce emissions especially during idling.  One challenge for the development of 
fuel cell based APU systems is that the fuel cell system must use the same fuel which is already 
present on board to power the main engine for propulsion. Typical fuels for mobile applications are 
diesel fuel and gasoline for cars, trucks, busses, barges and yachts, jet fuel for airplanes and marine 
gas oil and bunker fuel for ferries and overseas ships.  
The Institute of Energy Research – Fuel Cells (IEF-3) of Forschungszentrum Juelich develops fuel 
processing systems for APU applications based on autothermal reforming of middle distillates. The 
long term stability of reforming using commercial diesel fuel and desulphurised Jet A-1 has already 
been proven using innovative reactors. Currently, fuel processing systems are developed for APU 
applications. A special requirement from the system is the capability to be brought into operation in 
the fastest time possible. Therefore, start-up strategies were developed and simulated in this work. 
Three systems for different fuel cell types were designed. For each system, necessary reactors were 
identified and modelled mostly based on reactors developed and tested in Juelich. Afterwards, the 
related reactor models were combined with each other with the aim of efficient heat integration to 
form fuel processing systems for an SOFC, a PEFC and an HT-PEFC. Start-up strategies were 
developed and simulated for each system. Finally, the three systems were compared with each other 
concerning their start-up behaviour.  
 
Start-up strategies 
The start-up procedure of a fuel processing system from the cold state is not trivial. All components 
must have reached their optimal temperatures to perform their activities. The reformer can be 
considered as the central point of the system. It delivers reformate at a certain temperature and 
composition, so that the downstream components and the fuel cell can perform their function. As a 
result, the performance of the reformer during the start-up phase plays a decisive role for the fuel 
cell system.  
Under steady operation mode, the required superheated steam for the reformer is gained through 
the heat recovery from the reaction heat. This is not possible during the cold start. At this phase, 
heat is required to ignite the reforming reaction, to evaporate and superheat water for the reformer 
and to heat-up the reformer. Once the reaction is ignited, the hot reformate helps to heat-up the rest 
of the system. Two criteria must be fulfilled to allow fuel feed to the reformer: the temperature of 
the inlet steam feed must correspond to 480 °C and the temperature of the monolith in the reformer 
should at least correspond to 320 °C. If these criteria are fulfilled, fuel, steam and air can be fed 
into the reformer and the reaction starts rapidly. Therefore, the most important task of the start-up 
process is to meet these conditions.  
The start-up of an autothermal reformer is often realized without steam [1-3]. The reaction starts 
with partial oxidation. Water is given only after it can be evaporated and superheated internally. 
The autothermal reforming of middle distillates must however overcome difficulties like the 
formation of carbonaceous deposits on critical components like the fuel nozzle or the catalyst. To 
avoid such problems and reach good long term stability, a homogeneous mixture formation and a 
complete evaporation of the fuel must be assured. In the actual reformer construction, the 
evaporation of the fuel is implemented through mixing it with superheated steam at 480 °C. A 
constructive change in the design is not reasonable, since the long term stability has already been 
verified for over 2000 hours of reforming [4]. Therefore, a start-up procedure using partial 
oxidation is not possible in this case. Three options were considered to prepare the required steam 
for the start using external means: (i) start-up burner with integrated heat exchanger, (ii) electrical 
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heating cartridge and (iii) start-up burner with direct feed of exhaust gas into the reformer. The first 
two options were integrated to the dynamic models and simulated. According to the last option, the 
water is injected to the hot off-gas of the burner and the mixture is fed into the reformer (see [5]). 
This option was not simulated, since the behaviour of the reformer using such a mixture instead of 
water was not tested. It should be noted that the reformer must additionally be reconstructed to 
handle the increased flow rate if the third option is applied.  
The start-up procedure of the reformer is identical for all three systems involved in this work. Each 
system has however unique properties which must be considered in developing the start-up 
strategies.  
 
SOFC System 
The fuel cell system for an SOFC consists of an autothermal reformer, an afterburner, a fuel cell 
stack, a heat exchanger and a component to assist the start-up. The afterburner was designed in 
such a way that it includes an integrated heat exchanger for evaporation and superheating steam for 
the reforming. The block diagram in Figure 1 presents the structure used in dynamic simulations.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Block diagram for the dynamic simulation of the SOFC system. 
 
During the dynamic simulations, it was assumed that the SOFC is ready for operation, in other 
words it was pre-heated to 650 °C. It was also assumed that the cathode air is ready with a 
temperature of 600 °C. According to the applied start-up strategy, steam evaporation and 
superheating occurs in the burner or in the electrical heating cartridge at the beginning. Once the 
steam temperature after the afterburner has reached 480 °C, the related component will be shut 
down and internally produced steam will be used for the reforming. Additionally, until the 
temperature and the composition of the product gas of the reformer has reached the expected 
quality, the reformate should be fed directly through the afterburner and burned there. During this 
phase, the fuel cell will be by-passed.  
In the first start-up simulation, the system was started with the help of a start-up burner. The start-
up burner consumes 45% of the fuel amount which is required during the reformer operation with 
full load (1350 g/h). To reduce the start-up period, the reformer was taken into operation with a 
steam temperature of 430 °C. A time period of 153 s was necessary to reach this condition. 
Afterwards, the reaction starts in the reformer. After 173 s, it was possible to deliver steam for 
autothermal reforming internally. Until this time, the energy consumption of the start-up burner 
corresponds to 1.26 MJ (LHV Jet A-1). It was assumed, that the electrochemical conversion in the 
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SOFC starts directly, once the product gas of the reformer has reached a temperature level of 650 
°C. This was possible after 187 s. Between 153 s and 187 s after the start, the product gas was 
burned completely in the afterburner. Figure 2 shows the simulation result considering the 
temperature distribution in the reformer.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: Temperature distribution in the reformer as a function of time. Simulation: start-up of the 
SOFC system with the help of a start-up burner. 
 
The rapid increase of the steam temperature between 173 s and 187 s can be explained with the 
overloading of the afterburner. As explained above, there is no electrochemical conversion in the 
fuel cell during this time period. The whole amount of reformate must be burnt in the afterburner. 
The flow rate of CO, H2 and CH4 correspond to a level which is 6.5 times higher than that during 
the stationary operation. The amount of cooling medium (water) is kept constant, since it is defined 
by the water demand of reforming. It is disadvantageous to re-design the heat exchanger part of the 
afterburner for the start period to overcome the overloading. An increase in dimensions will lead to 
the fact that the integrated heat exchanger concept does not function properly during regular 
operation mode.  
In the second simulation, the start-up burner was replaced by an electrical heating cartridge. In this 
case, the reformer could just be taken into operation after 310 s. The energy consumption of the 
heating cartridge was in this case 0.96 MJ. The limiting factor by the usage of the heating cartridge 
is the overheating of the cartridge walls. Therefore, the available power must be introduced in a 
controlled manner. 
As a result, the start-up strategy using the start-up burner makes it possible to deliver the required 
quality of gas to the fuel cell in a shorter time period. In both cases, the overloading of the 
afterburner must be avoided. A possible solution to this problem is to burn the overload in the start-
up burner instead of the afterburner. This case was also simulated. If the total volumetric flow rate 
of the combustible components (CO, H2 and CH4) exceeds the volumetric flow rate of these 
components in the anode off-gas during operation with 100 % load, the excess amount was fed to 
the start-up burner. In this phase, the fuel feed to the start-up burner was terminated. As a result, the 
reforming reaction runs more stable, since a temperature peak in the reforming steam is not 
observed as in the case in Fig. 2. The internal steam preparation for the reformer takes a longer 
time, since the excess heat amount is no more available. The start-up burner can be shut down after 
290 s whereas the fuel is fed only for the first 250 s. The energy consumption of the start-up burner 
corresponds to 1.84 MJ (LHV Jet A-1) in this case.  
  
PEFC and HT-PEFC Systems 
In the further work, PEFC and HT-PEFC systems were modelled and simulated. The start-up 
strategy of the PEFC system is more complicated than that of the SOFC system because of the 
increased number of components. The PEFC can only be taken into operation after the CO amount 
of reformate is reduced down to a level of 10-100 ppm. The simulation of the start-up with the help 
of a start-up burner has shown that 277 s are necessary, to deliver a product gas with the required 
quality for the stable operation of the PEFC. The start-up strategy for the HT-PEFC system is as 
complicated as for the PEFC system. In both systems the internal steam production takes place 
within the integrated heat exchangers of the reformer and the catalytic burner. Since a CO fine 
cleaning is not necessary in the HT-PEFC system, the start-up period is reduced down to 260 s.  
 
Conclusions and Outlook 
Based on its relative simple system design, the SOFC system offers the shortest start-up period in 
comparison to other two systems. If the heating-up period of the SOFC stacks can be reduced, the 
SOFC based APU systems can be very advantageous. However, currently the heating-up periods of 
SOFC stacks are clearly longer than those of the low temperature fuel cell stacks. PEFC and HT-
PEFC systems require more time in the start-up period since all the downstream reactors and heat 
exchangers must be heated-up. The start-up period of the PEFC system is comparable with that of 
the HT-PEFC system. All three systems require more than 3 minutes until the fuel cell can be fed 
with a product gas having the desired quality.  
Simulations in this work showed that the start-up period is mainly determined by the preparation of 
superheated steam for the reformer. The role of the external heating mechanism, either in form of a 
start-up burner or an electrical heating cartridge is decisive for the start-up. The simulations in this 
work show that the utilisation of a start-up burner offers an advantage over the heating cartridge: 
the excess product gas during the start can be burned in the start-up burner preventing an 
overloading. In the further work, the start-up procedure of the HT-PEFC system was optimised 
with additional measures in order to reduce the required time for start-up. The results will be 
presented in the detailed manuscript.  
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